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系。氟磷酸盐 A2MPO4F (A = Li，Na；M = Fe，Mn，Co，Ni)作为聚阴离子型材
料中的一员，由于形式上具有每分子能进行两个锂离子可逆脱嵌的高容量，以及
磷酸根和氟阴离子的诱导效应而具有高工作电压，引起了研究者的广泛关注以及





采用溶胶-凝胶法成功合成了氟磷酸盐 Na2Fe1-xMnxPO4F/C (x = 0，0.1，0.3，
0.7，1)纳米复合材料。采用 XRD，SEM，TEM 以及充放电测试表征了所合成材
料的结构，形貌和电化学性能。 XRD 测试结果表明， Na2FePO4F 和
Na2Fe0.9Mn0.1PO4F 为二维层状结构，空间群为 Pbcn；Na2Fe0.7Mn0.3PO4F，
Na2Fe0.3Mn0.7PO4F 和 Na2MnPO4F 为三维隧道结构，空间群为 P21/n，这种结构转
变归因于 Fe2+和 Mn2+离子半径的差别。SEM 和 TEM 测试结果表明由于碳的均
匀分布所合成材料的颗粒尺寸只有几十纳米。Na2FePO4F 材料的可逆容量高达
182 mAh/g （大约为每分子进行 1.46 个电子交换），同时，具有良好的循环稳定
性和倍率性能。与 Na2FePO4F 相比，Na2Fe1-xMnxPO4F 中锰部分取代铁可以提高
材料的工作电压平台。与Na2FePO4F一样，铁锰固溶体Na2Fe1-xMnxPO4F  (x =0.1，
0.3，0.7)材料具有良好的循环性能。此外，首次合成了具有电化学活性的
Na2MnPO4F 材料，该材料的首次放电容量为 98 mAh/g。Na2Fe1-xMnxPO4F 材料优
越的电化学性能归因于纳米碳复合结构可以有效地提高离子/电子电导率。 
采用固相法和溶胶-凝胶法分别合成 Li2CoPO4F 锂离子电池正极材料。XRD
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凝胶法制备的 Li2CoPO4F 在 1 C 电流倍率下的可逆容量为 138 mAh/g，显著高于
采用固相法制备的放电容量。更突出的是，采用溶胶-凝胶法制备的 Li2CoPO4F
具有优越的倍率性能，在 20 C 电流倍率下的放电容量为 119 mAh/g，相对于 1 C
电流倍率的容量保持率为 86 %。这种优越的倍率性能归因于纳米颗粒和均匀地
碳包覆可以有效地减少锂离子扩散距离以及提高材料的电子电导率。此外，研究




采用溶胶-凝胶法首次合成了 Li2CoPO4F/ Li3PO4/C 双层包覆结构的锂离子电
池正极材料。Li3PO4 包覆 Li2CoPO4F 材料在 1 C 电流倍率下的首次放电容量为
154 mAh/g，对应的能量密度为 700 Wh/kg，而且具有优越的倍率性能，在 20 C
电流倍率的放电容量为 141 mAh/g，相对于 1 C 电流倍率的容量保持率为 92%。
XRD 和 MAS NMR 分析结果表明 Li2CoPO4F 为正交结构，空间群为 Pnma，同





的循环性能是由于 LiBOB 电解液添加剂与 Li3PO4 包覆层可以稳定循环过程中的
传荷阻抗。 





态。采用 TG-MS 联用以及 XRD 技术研究不同充放电态的 Li2CoPO4F 材料的热
稳定性。结果表明 5.4 V 充电态的 Li2CoPO4F 材料在 200-300 
o
C 温度范围内就开













































Polyanion-type cathode materials exhibit excellent safe performance and good 
cycling stability due to the stabilized polyanion framework structure, thus they are 
very attractive lithium ion battery cathode materials. As a member of polyanion-type 
cathode materials, fluorophosphates A2MPO4F (A = Li, Na; M = Fe, Mn, Co, Ni) have 
been widely investigated because of high capacity (two electrons exchange per 
formula unit) and high working voltage (inductive effect of PO4
3-
 group and F
-
 anion). 
In this work, a series of Na2Fe1-xMnxPO4F/C, Li2CoPO4F/C and  
Li2CoPO4F/Li3PO4/C nanocomposite materials were synthesized, and the synthesis 
condition, structure and electrochemical performance were investigated. With the goal 
to enhance and improve the electrochemical performance of as-prepared cathode 
materials, the synthesis methods and synthesis conditions, surface modification, 
film-forming electrolyte additive, structure evolution during charge/discharge process 
and thermal stability have been studied profoundly and systematically by kinds of 
characterization techniques. 
Fluorophosphates Na2Fe1-xMnxPO4F/C (x = 0, 0.1, 0.3, 0.7, 1) nanocomposite 
materials were successfully synthesized via a sol-gel method. The structure, 
morphology and electrochemical performance of the as prepared materials were 
studied by XRD, SEM, TEM and charge/discharge measurements. XRD results show 
that, consistent with Na2FePO4F, Na2Fe0.9Mn0.1PO4F (x = 0.1) crystallize in a 
two-dimensional (2D) layered structure with space group Pbcn, While 
Na2Fe0.7Mn0.3PO4F, Na2Fe0.3Mn0.7PO4F and Na2MnPO4F are three-dimensional (3D) 
tunnel structure with space group P21/n. The structure transform is due to the 




. SEM and TEM analysis indicate 
nanostructured primary particles (about tens of nanometers in diameter) are obtained 
for all samples due to uniform carbon distribution. Na2FePO4F delivers a reversible 
capacity of up to 182 mAh g
-1
 (about 1.46 electrons exchange per unit formula) with 
















replacement of Fe with Mn in Na2Fe1-xMnxPO4F increases the discharge voltage 
plateau. Similar to Na2FePO4F, iron-manganese mixed solid solution 
Na2Fe1-xMnxPO4F (x = 0.1, 0.3, 0.7) also show good cycling performance. 
Furthermore, Na2MnPO4F with high electrochemical activity was successfully 
prepared for the first time, which is able to deliver a discharge capacity of 98 mAh g
-1
. 
The good electrochemical performance of Na2Fe1-xMnxPO4F materials can be 
attributed to the distinctive improvement of ionic/electronic conduction of the 
materials by formation of nanostructure composite with carbon. 
Li2CoPO4F cathode materials are successfully synthesized by solid state (SS) and 
sol-gel (SG) methods. The XRD results show that Li2CoPO4F samples prepared by 
both methods are indexed as orthorhombic structure with space group Pnma. The 
particles of Li2CoPO4F (SS) are micron grade. However, the particles of Li2CoPO4F 
(SG) are only tens of nanometers with an amorphous carbon uniformly coated. A high 
reversible capacity of 138 mAh g
-1
 is achieved for Li2CoPO4F/C (SG) at 1 C, which is 
much higher than that of sample prepared by solid state method. What is more, 
Li2CoPO4F/C (SG) shows excellent rate performance. A capacity of 119 mAh g
-1
, 86% 
retention of that at 1 C, is achieved at 20 C. The excellent rate capability of the 
material is attributed to nanosized particles and uniform carbon coating that reduce 
ion diffusion length and enhance electronic conductivity. Furthermore, the preliminary 
performance characteristics of Li2CoPO4F/Li4Ti5O12 full cells are presented. The cell 
shows a high voltage plateau at around 3.4 V with excellent rate capability. The 
impressive electrochemical properties indicate that Li2CoPO4F can be a promising 
high power cathode material for lithium ion batteries. The capacity fading mechanism 
of Li2CoPO4F is also briefly investigated. 
Li2CoPO4F/Li3PO4/C cathode material with double-layer surface coating has been 
successfully synthesized by sol-gel method for the first time. The Li3PO4-coated 
Li2CoPO4F shows a high reversible capacity of 154 mAh g
-1
 (the energy density is up 
to 700 Wh kg
-1
) at 1 C current rate and excellent rate capability (141 mAh g
-1
 at 20 C, 
the capacity retention relate to 1 C current rate is 92%).  XRD and MAS NMR 
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coexists with Li3PO4. The XPS depth profiles and TEM analysis reveal that the 
as-prepared material has double-layer surface coating with carbon outer layer and 
Li3PO4 inner layer, which greatly enhances the transfer kinetics of lithium ion and 
electron in the material and the stabilization of electrode/electrolyte interface. LiBOB 
electrolyte additive plays a synergistic effect with the Li3PO4 coating layer to further 
stabilize the electrode/electrolyte interface. In this way, Li2CoPO4F cathode material 
exhibits excellent long-term cycling stability with a capacity retention of 83.8% after 
150 cycles. The excellent cycling performance is attributed to LiBOB electrolyte 
additive and the Li3PO4 coating layer, both of which play an important role in 
stabilizing the charge transfer resistance of Li2CoPO4F upon cycling. 
Structure evolution of Li2CoPO4F cathode material during charge/discharge process 
was studied by synchrotron radiation XRD technique. In-situ XRD results indicate 
that the irreversible structure transformation occurs for Li2CoPO4F in the first charge 
process, which leads to lattice volume expansion and thus favors the migration of Li 
ions. In sequent cycling, lithium ion is reversibly deinserted/inserted in the modified 
structure, and the framework of Li2CoPO4F keeps stable. Ex-situ XRD, IR and 
electrochemical measurements results show that the modified structure of Li2CoPO4F 
is sensitive to external conditions. The cycled Li2CoPO4F can turn into pristine 
structure after heat treatment. The thermal stability of Li2CoPO4F charged/discharged 
to different state was studied by TG-MS and XRD technique. The 5.4 V charged state 
of Li2CoPO4F first decomposes into Li2CoPO4F and some unknown compounds at 
200-300 
o
C, and then into LiCoPO4 at 400-500 
o
C with fluorine evolution. 5.0 V 
charged state and 2.0 V discharged state of Li2CoPO4F show much better thermal 





Key works: Lithium ion battery; Cathode materials; Fluorophosphates; 



















     锂离子电池由于具有高的体积比能量和质量比能量以及优越的循环性能等
优点，是一种非常有前景的二次电池体系。目前已广泛运用于笔记本电脑，数码
相机，手机等 3 C 电子设备，而以苹果公司为代表推出的智能手机更是把发展高
比能量密度锂离子电池推向了一个新的里程。与此同时，锂离子电池作为动力电
池，尤其是在电动汽车方面也正发挥着越来越重要的作用。最近，特斯拉公司推
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